There is evidence from animal experiments that the cerebellum and its associated brainstem circuitry are involved in the acquisition of the conditioned response. In order to obtain evidence for their involvement in humans, we studied classical delay conditioning, using the eyeblink conditioned response, in five patients with pure cerebellar cortical atrophy and seven patients with olivopontocerebellar atrophy. The results were compared with those obtained in a group of neurologically healthy volunteers matched with the patients for age and sex. The two groups of patients had similar abnormalities in the acquisition of the conditioned response and produced fewer conditioned responses than in the control subjects in any given block of trials. Many of the patients' conditioned responses were inappropriately timed with respect to the conditioned stimulus. These results support the role of the cerebellum in the expression and timing of the conditioned response.
INTRODUCTION
Two distinct inputs to a cerebellar Purkinje cell, one from climbing fibres originating in the inferior olive, and the other from mossy fibres originating in the pontine nuclei, have been suggested to form an associative memory network (Grossberg, 1969; Marr, 1969; Albus, 1971) . Experimental evidence for a 'teacher role' of climbing fibre inputs to Purkinje cells (Marr, 1969) was first given by Ito and colleagues (Ito and Kano, 1982; , who showed that coincident or 'conjunctive' electrical stimulation of vestibular afferents (mossy fibres) and of the inferior olive (climbing fibres) produces adaptations of Purkinje cell responses to input from the mossy fibres. Adaptation of the vestibulo-ocular reflex (Lisberger, 1988) and the acquisition and retention of the classically conditioned eyeblink response (for review, see Thompson, 1990 ) may involve these alterations in the Purkinje cell response and serve as models for motor learning. Although studies in various species of animals have suggested that the cerebellum and its input and output pathways are involved in motor learning and associative memory functions, there is still a controversy as to whether the cerebellar-brainstem circuitry plays an essential or a supportive role (Knowlton et al., 1988; Woodruff-Pak et al., 1988; Steinmetz et al., 1989) . Classical conditioning has been reported to occur to some extent in decerebrate and decerebellate rabbits, suggesting that cerebellar involvement may be supportive of, although not necessary for, motor learning and, therefore, may not be the site of motor learning or memory (Kelly et al., 1990) .
The physiological basis of motor learning and motor adaptation in man has not been studied thoroughly, and experimental evidence for an involvement of cerebellar structures is limited (Weiner et al., 1983; Lye et al., 1988; Sanes et al., 1990) . To determine the role of the cerebellum and its associated brainstem circuitry in the formation of elementary motor memory in man, we studied patients with degenerative cerebellar diseases in a classical eyeblink-conditioning paradigm.
PATIENTS AND METHODS
We studied five patients with pure cerebellar cortical atrophy, aged 29-67 years (mean, 52 years); seven patients with additional brainstem atrophy (olivopontocerebellar atrophy, aged 31 -62 years (mean, 41 years); and 13 healthy subjects, aged 19-79 years (mean, 42 years). The protocol was approved by the clinical research subpanel, and the subjects gave their written informed consent for the study. The patients' characteristics are summarized in Table 1 . The diagnosis of cerebellar cortical atrophy was made if the patients showed only upper or lower limb ataxia and/or midline ataxia, dysarthria and cerebellar oculomotor dysfunction, without radiological evidence of brainstem atrophy. If mild extracerebellar signs (e.g. pyramidal signs, rigidity) were also present, the diagnosis of olivopontocerebellar atrophy was made, even in the absence of signs of brainstem involvement on MRI. Patients showing signs of lower motor neuron involvement or peripheral neuropathy were excluded. The severity of symptoms ranged from minor deficits to severely disabled. None of the patients or control subjects reported hearing impairment, and there was no clinical evidence of hearing difficulties on a routine neurological examination. Eyeblink conditioning was performed using a delay classical conditioning paradigm (Gormezano, 1966) . The unconditioned stimulus (UCS) was an electric stimulus of 0.5 ms duration delivered to the supraorbital nerve with an intensity that elicited a stable response from the orbicularis oculi bilaterally and caused tolerable discomfort. The conditioned stimulus (CS) was a 2 kHz acoustic signal of 400 ms duration delivered through earphones with an intensity of 80 dB (sound pressure level). In trials with combined CS-UCS stimulation, the UCS coincided with the end of the CS. An experimental session consisted of six blocks of 11 trials [nine conditioning trials in which the UCS was delivered at the end of the CS, followed by one trial in which only the acoustic stimulus was delivered (tone-alone trial) and one trial in which only the electric stimulus was delivered]. The intertrial interval was 10 s. Subjects were informed that acoustic and electric stimuli were to be delivered, but no additional cues with respect to the stimulus combinations were given.
Electromyographic (EMG) responses were recorded bilaterally from the orbicularis oculi muscles with surface electrodes, rectified and low-pass filtered using a 10 ms time constant and displayed at a gain of 10 ^V/division (Dantec Counterpoint electromyograph). The responses were sampled for 2000 ms, thus allowing recording of EMG events occurring 400 ms before the CS and 1200 ms after the UCS or, in the tone-alone trials, its expected delivery. Electromyographic bursts >2 /iV that preceded the electric stimulus by <200 ms were considered to be conditioned responses (CRs). Amplitude of the CR was measured (in fiV) from the baseline to the peak of the response. Electromyographic bursts occurring within 200 ms of the beginning of the CS were considered related to the CS, or alpha blinks (Gormezano, 1966) . Electromyographic bursts occurring before the delivery of the CS or > 300 ms after the delivery of the UCS were considered unrelated to the stimuli, or spontaneous blinks. The time period of 300 ms was chosen arbitrarily as the time in which EMG activity linked with the UCS could be masking an inappropriately timed CR in the conditioning trials. Consistent with that assumption, all the responses occurring within the 300 ms following the expected delivery of the UCS in the tone-alone trials were considered inappropriately timed, or delayed CRs.
To assess the integrity of afferent and efferent pathways subserving the eyeblink reflex in the patients, blink reflex studies were performed before the conditioning, employing conventional techniques (Kimura a al., 1969) . The excitability of brainstem interneurons was assessed by determining the recovery curves of R 2 blink reflex components using the paired shock technique (Kimura, 1973) at stimulus intervals of 100, 200, 400, 600 and 800 ms.
Data analysis
The number of responses (mean ± SD) is expressed as the percentage of trials containing responses with respect to the total number of trials. For comparisons between the patients and control subjects, the Mann-Whitney U test was used. Statistical significance was defined as P < 0.01.
RESULTS
Blink reflexes in all patients and control subjects were normal with respect to latencies and amplitudes of both R x and R 2 components. The shortest inter-stimulus interval at which the R 2 to the test stimulus recovered was not different between control subjects and patients (470±250 ms in control subjects, 450± 150 ms in patients, P = 0.809), indicating that trigeminal and facial nerve pathways were not affected in the patients and that the excitability of brainstem interneurons subserving the second reflex component was normal.
In the control subjects, CRs were observed as early as in the first block of trials. As the number of trials increased, the amplitudes of CRs increased, and CRs were also seen in the tone-alone trials (Fig. 1) . In both groups of patients, cerebellar cortical atrophy and olivopontocerebellar atrophy, the acquisition of the conditioned eyeblink response was severely impaired. Even though CRs occasionally occurred and became more frequent as the number of trials increased, the maximal number of CRs in each block of trials was much smaller than in the control subjects (Fig. 2) . After six blocks of trials (54 CS-UCS pairs), CRs had occurred in 48.9±26.5% of trials in the control subjects, but in only 8.2 ±7.9% of trials in the olivopontocerebellar atrophy patients (P < 0.01) and in 6.7 ± 10.9% of trials in the cerebellar cortical atrophy patients (P < 0.001).
The highest rate of CRs per block was reached during block five in the control subjects. In this block, CRs occurred in 65 ±27.8% of the trials. The highest rate of CRs in the olivopontocerebellar atrophy patients was found in block 5(17.5±19.1%of trials) and in the cerebellar cortical atrophy patients in block 6 (15.6±24.3% of trials). In a few patients, the application of CS-UCS pairs was extended to eight trial blocks without any significant increase in the number of CRs. The mean amplitude of CRs recorded in the patients (7.7 ±2.7 jtV) was not different from that found in control subjects (8 ± 3.2 /iV). A few alpha blinks were usually seen at the beginning of the experimental session, and in both control subjects and patients disappeared with an increasing number of trials (Fig. 1) . In the tone-alone trials, the frequency of eyeblink EMG bursts in the time between the delivery of the CS and 300 ms after the expected delivery of the UCS was 67.5% of trials in control subjects and 25.7% in patients (P < 0.01) (Fig. 3, left) . There was a significant difference between control subjects and patients in the frequency of appropriately timed CRs, i.e. within 200 ms before the expected UCS (67.8% of responses in control subjects, 33.3% in patients, P < 0.01). In the patients, responses in the tonealone trials tended to be delayed, or inappropriately timed, with 50% of responses occurring during the 300 ms period following the expected UCS (28.6% in control subjects); however, the differences in the percentages of inappropriately timed CRs in patients and control subjects did not reach statistical significance (P = 0.137). Across groups there were no significant differences in the frequency of alpha blinks (3.6% in control subjects, 16.7% in patients).
DISCUSSION
Our findings show that classical delay conditioning of the eyeblink response is markedly impaired in patients with cerebellar degenerative diseases, independently of whether they are classified on clinical grounds as having pure cerebellar cortical or olivopontocerebellar atrophy. These results are in accord with earlier, preliminary observations of deficits in eyeblink conditioning in a patient with a unilateral cerebellar vascular lesion (Lye etal., 1988) .
In rabbits, Welsh and Harvey (1989) found altered conditioned responses of the nictitating membrane after irreversible damage of the interpositus nucleus. In their work, unconditioned responses to low intensity UCS exhibited the same type of alterations as the CRs. Therefore, these authors concluded that deficits in classical conditioning of the nictitating membrane response after cerebellar damage may be the expression of a broader deficit in motor performance. However, not all cerebellar lesions result in a depression of the excitability of pathways mediating the eyeblink. In cerebellar cortical lesions, Yeo and Hardiman (1992) found enhanced amplitude of the unconditioned response. If we assume that the results of animal experiments on the nictitating membrane response can be compared with the results of human studies using the classical eyeblink conditioning paradigm, one might expect an enhanced excitability of eyeblink pathways in our patients, since the deep cerebellar nuclei usually are spared from degeneration in man. Normal latencies for the first and the second components of die blink reflex and normal blink reflex recovery curves, however, suggest no abnormality of simple cranial reflexes or the excitability of the brainstem interneurons involved in the response of the UCS in our patients. Our findings, therefore, are consistent wim the hypothesis that abnormalities in classical eyeblink conditioning may be caused, in patients with cerebellar lesions, by a deficit in acquisition and retention of the response, and not only in its motor performance aspects.
Evidence has been accumulating for a direct or indirect role of the cerebellum in the acquisition and retention of the classically conditioned eyeblink response. With the CS, a change in neuronal activity has been suggested to take place in the inferior olive, the pontine nuclei, the cerebellar cortex, the cerebellar nuclei and the hippocampus Thompson, 1990) . The potential roles of the two major inputs to die cerebellar Purkinje cells, the parallel fibre-mossy fibre system and the climbing fibres, for classical conditioning have been demonstrated in animal experiments. Direct electrical stimulation of pontine nuclei as conditioned stimulus and of the inferior olive as unconditioned stimulus has been successfully used in classical conditioning of the rabbit nictitating membrane response (Woodruff-Pak et al., 1988; Rosen et al, 1989; Steinmetz et al., 1989; Steinmetz, 1990) . Cerebellar cortical lesions have been reported to either abolish the response (Yeo et al., 19856; Yeo and Hardiman, 1992) or slow its acquisition . The deep cerebellar nuclei, in particular the interpositus nucleus, appear to be essential, as lesions of the interpositus nucleus abolish conditioned responses of die nictitating membrane response (Yeo et al., 1985a; Lavond and Steinmetz, 1989; Welsh and Harvey, 1989; Berthier and Moore, 1990; Lavond et al., 1990) . Additionally, lesions of the inferior olive result in conditioning deficits indistinguishable from deficits observed with lesions of the cerebellar cortex (Yeo et al., 19856, 1986) .
Recently, some investigators have questioned whether die cerebellum and its pathways are essential for motor learning. The critical structures related to the adaptation of the vestibulo-ocular reflex appear to be localized to the brainstem target nuclei of the flocculus, mus leaving only a supportive role to die cerebellar cortex (Lisberger, 1988) . Classical conditioning has also been shown to occur to some extent in decerebrate and decerebellate rabbits, suggesting that the cerebellum and its associated circuitry are supporting structures for motor memory functions without necessarily being an essential part (Kelly et al., 1990) . In a recent, dramatic study, the essential role of the interpositus nucleus for learning has been challenged. Welsh and Harvey (1991) demonstrated that normal acquisition of the conditioned response may occur during reversible inactivation of the anterior interpositus nucleus with lidocaine in rabbits, even though the CR was not present during the time of the inactivation. These results suggest that the interpositus nucleus is only necessary to express the CR and does not play an essential role in learning or retention. As the authors point out, however, in an irreversible lesion of the cerebellum, deficits in expression and learning cannot be separated.
One hypothesis explaining the reduced number of CRs in patients with cerebellar disease would be that the function of the cerebellum is not to associate the UCS and the CS, but rather to detect the temporal pattern of the presentation of the UCS and the CS and provide exact timing characteristics for the execution of the CR. Theoretically, the cerebellar network could provide those adaptive-timing capabilities (Moore et al., 1989) . In our experiments, CRs may have been masked by the responses to the UCS in the conditioning trials. The observation of a large number of inappropriately timed CRs in the tone-alone trials is consistent with the hypothesis of an abnormal motor performance related to timing deficiencies in patients with cerebellar disease. Although this mechanism may play some role, inappropriate timing of CRs by itself cannot account for all deficits seen in our patients.
Cerebellar cortical atrophy and olivopontocerebellar atrophy differ in their pathology. In cerebellar cortical atrophy degenerative changes are usually limited to the cerebellar cortex and include secondary degeneration of the inferior olive (Adams et al., 1984) . In olivopontocerebellar atrophy, degeneration additionally involves the brainstem, including the pyramidal tract, the posterior spinocerebellar tracts, the posterior columns of the cord and the pontine nuclei (Jellinger and Tarnowska-Dziduszko, 1971) . One common feature of both entities is that deep cerebellar nuclei are usually spared from degeneration. If one assumes that the deep cerebellar nuclei were functionally intact in our patients, the finding of similar results in both groups of patients suggests that lesions involving the cerebellar cortex or the inferior olive and the climbing fibre pathways are sufficient to cause deficits in classical conditioning. Our finding that conditioning was not completely abolished in our patients may be related to the fact that they exhibited a partial rather than a complete loss of cerebellar function. Alternatively, it is conceivable that cerebellar pathways do not represent exclusively the neuroanatomical basis for acquisition and expression of the CR.
